Summary. Preliminary observations showed that one-cell embryos from random-bred MF1 mice avoid cleavage arrest at the two-cell stage ('in vitro two-cell block') when cultured in modified M16 culture medium containing lactate and pyruvate but lacking glucose. 
Introduction
Mouse embryos of all strains can develop into blastocysts when cultured from the late two-cell stage in simple chemically defined physiological salt solutions containing the energy substrates lactate, pyruvate and glucose (Brinster, 1965a, b; Biggers et al., 1967 Biggers et al., , 1971 . However, the embryos of most strains arrest at the two-to four-cell stage when cultured from the one-cell stage, a phenomenon commonly referred to as the -vitro two-cell block'. Only the embryos of certain inbred strains, and their Fl hybrids, develop consistently from the one-cell to blastocyst stage under these conditions (Whitten & Biggers, 1968; Biggers, 1971; 1987) . Previously, it has been shown that the block may be obviated when arrested embryos are transferred to explanted oviducts in organ culture or when the cytoplasm from embryos of a nonblocking strain is injected into arrested two-cell stage embryos (Muggleton-Harris et al., 1982;  Muggleton-Harris & Brown, 1988) .
F2 hybrid embryos of inbred origin, which do not arrest at the two-cell stage in vitro, require glucose for the transition from morula to blastocyst in vitro (Brown & Whittingham, 1990b . Preliminary studies indicated that most one-cell embryos from random-bred MF1 mice avoid ' cleavage arrest at the two-cell stage, and develop into morulae, when cultured in modified M16 mouse embryo culture medium (Whittingham, 1971) containing lactate and pyruvate but lacking glucose (Brown & Whittingham, 1990a) . This observation is consistent with the findings of Chatot et al. (1989) , who developed an improved medium for the culture of one-cell random-bred mouse embryos. The formulation of the medium (CZB) is based on the observation that glucose inhibits development of cultured two-cell (Schini & Bavister, 1988) and eight-cell (Seshagiri & Bavister, 1989a) hamster embryos, and glutamine improves the development of cultured eight-cell hamster embryos (Carney & Bavister, 1987) . It is a modification of BMOC-2 (Ebert & Brinster, 1983) with an increased lactate:pyruvate ratio of 116 (Cross & Brinster, 1973) , 0-lmmol EDTA 1 (Abramczuk et al., 1977) , 1 mmol glutamine l-1 (Carney & Bavister, 1987) and no glucose. This medium improves development from the one-cell to morula stage, but the addition of glucose after the first 48 h of culture is necessary for consistent development to the blastocyst stage (Chatot et al., 1989 (Chatot et al., , 1990a .
The interactions between substrates are important in meeting the energetic requirements of cultured mouse embryos (Brinster, 1965b) . Improved development of one-cell embryos from random-bred mice has been achieved by changing the combination and concentration of energy substrates at various times during culture (Cross & Brinster, 1973) . This study examines the specific roles of lactate, pyruvate and glucose (and their interactions), and the possible role of glutamine, at various times during culture of one-cell mouse embryos of random-bred origin.
Materials and Methods

Embryo collection and culture
Fertilized one-cell embryos were obtained from random-bred albino MFl/Lac females mated to MFl/Lac males. The mice were superovulated with intraperitoneal injections of 5 iu pregnant mares' serum gonadotrophin (PMSG; Folligon: Intervet, UK) followed 48 h later by 5 iu human chorionic gonadotrophin (hCG; Chorulon: Intervet, UK). In all experiments, fertilized one-cell embryos were recovered from the oviductal ampullae of mated females between 26 and 27 h after hCG injection. The cumulus cells were dispersed with hyaluronidase ( 150 iu ml " ' ) in Hepes-buffered mouse embryo handling medium, M2 (Fulton & Whittingham, 1978; Quinn et al, 1982) , and the embryos washed twice in M2 (2 2 ml). Embryos were cultured in bicarbonate-buffered mouse embryo culture medium, M16 (Whittingham, 1971) 1, 0-33 mmol sodium pyruvate I"1 (Sigma, UK), 5-56 mmol glucose l"1 (BDH, UK)). After washing thoroughly through 2 2 ml changes of the medium in which they were to be cultured, embryos were placed in small drops (10 µ ) of the same medium (10 embryos per drop) under light paraffin oil (BDH, UK) in 60 mm plastic tissue cul¬ ture dishes (Falcon, UK). Medium and oil were previously equilibrated with 5% C02 in air at 37°C. Embryos were cultured in a humidified atmosphere of 5% C02 in air at 37°C as described previously , and developmental progress scored daily. Embryos in all treatments were taken through the washing procedures irrespective of whether they were to be transferred to the same, or (Fisher & Yates, 1963) . A randomized incomplete block design was used, which omitted the glucose-only medium, since preliminary studies showed this could not support first or second cleavage in random-bred MF1 embryos in vitro (J. Brown, unpublished observations).
All embryos collected on each day were pooled in the final M 2 wash before being allocated to the different treatments. Since no marked differences in development were observed within treatments between replicates, the data 'Embryos transferred to medium on day 1, 26-27 h after hCG; day 2, [46] [47] [48] (Brown & Whittingham, 1990b The proportion of embryos developing to the blastocyst stage in all three experimental treat¬ ments, after 96 h in culture, was significantly higher than that observed in control medium with all substrates present (difference between: treatments 1 and 2 (P < 005); 1 and 3; 1 and 4 (P < 001)).
The proportion developing to the blastocyst stage in treatments 3 and 4 was not significantly different (P > 005), demonstrating that the presence of glucose during the first 24 h of culture had no detrimental effect on embryonic development. Indeed, the proportion developing to the morula stage was significantly higher in treatment 4 than in treatment 3 (P < 005), indicating that the presence of glucose, in combination with pyruvate, during this period has a beneficial effect on development to the morula stage.
Development to the morula stage after 96 h in culture in treatment 3 was not significantly higher than that in treatment 2 (P > 0-05), but the proportion developing to this stage in treatment 4 was significantly higher than that in treatment 2 (P < 0-05). This shows that, whereas the presence of lactate during first cleavage is not detrimental to embryonic development, a combination of the removal of lactate plus the addition of glucose at this time results in a significant improvement in development.
Many of the morulae observed after 96 h of culture had developed to the blastocyst stage 24 h later. The highest responses were obtained after culture in medium containing pyruvate or pyruvate plus glucose for the first 24 h, medium containing lactate plus pyruvate for the second 24 h, and medium containing all three substrates for the remaining culture period (treatments 3 and 4).
Experiment 3
The effect of glutamine (1 mmol 1~' ) on development of one-cell MF1 embryos in vitro was also examined (Table 3) . Medium containing lactate pyruvate and glucose supported development of an unusually high proportion of one-cell MF1 embryos to the blastocyst stage (31%). Typically these embryos arrest at the two-to four-cell stage in this medium (see Tables 1 and 2 ); but biological variation in experimental material sometimes leads to variation in the response obtained (see Whittingham, 1975 Brown & Whittingham, 1991) . In addition embryos were cultured in an atmosphere of 5% C02 in air in the present study, but Chatot et al. (1989) used a reduced-oxygen atmosphere of 5% C02, 5% 02 and 90% N2 which is thought to favour development from the one-cell stage to blastocyst, at least in culture systems without an oil overlay (Whitten, 1971; Quinn & Harlow, 1978) , and manipulation of a single vari¬ able can significantly affect the influence of other variables (e.g. energy source and pH; Brinster, 1965a (Brinster, 1965b) .
The mammalian embryo is exposed to a continually changing environment as it moves along the female reproductive tract, passing from a mainly pyruvate-dominated milieu to a more complex fluid environment after dispersal of the cumulus mass (Donahue & Stern, 1968; Leese & Barton, 1985; Gardner & Leese, 1990 ). The nutrient requirements also change from a predominantly tricarboxylic acid (TCA) based, to a glycolytic-based metabolism at about the time of compaction and entry into the uterus (Brinster, 1969; Leese & Barton, 1984; Gardner & Leese, 1986) . Gardner & Leese (1990) have suggested that optimal development in vitro may therefore require two or more media to reflect changing conditions in vivo. These results support this suggestion, since greatest development of one-cell random-bred MF1 embryos was achieved with medium containing pyru¬ vate (with or without glucose) for the first 24 h, medium containing lactate and pyruvate for the second 24 h, and medium with all three substrates thereafter.
The concentrations of the substrates were based on the levels found to be optimal for the culture of late two-cell random-bred Swiss mouse embryos by Brinster (1965a, b Whittingham (1973) and Gardner & Leese (1990) have obtained similar developmental responses in the presence of more physiological lactate levels (40 mmol 1~' and 4-79 mmol 1 ', respectively).
The reasons why cleavage to the two-cell stage after 24 h of culture is enhanced by the presence of lactate or glucose, or both, in combination with pyruvate (Expt 1), yet development to the blastocyst stage is reduced if lactate is provided in combination with pyruvate at this stage (Expt 2), are unclear. However, this highlights the caution that must be taken in inferring subsequent viability on the basis of a particular experimental end-point. Caution should also be exercised in inferring that treatments that produce optimum development to the blastocyst stage in vitro will also produce optimal viability after implantation. Lawitts & Biggers (1991) (Schini & Bavister, 1988) , has now been observed in both random-bred mouse (Chatot et al., 1989; Aoki et al., 1990 ; this paper) and cattle embryos (Ellington et al., 1990) , although glucose may be required to support normal development through the later morula-blastocyst transition (Brown & Whittingham, 1991) . Seshagiri and Bavister (1989a, b) have suggested that the inhibitory effect of glucose is due to inadequate energy generation mediated by the 'Crabtree effect' (Crabtree, 1929) , whereby glucose stimulates glycolysis, which then competes with mitochondrial respiration for phosphate. How¬ ever, increasing the phosphate concentration in the medium, which would be expected to overcome this effect (Koobs, 1972) , fails to obviate the glucose inhibition to development, a result which they admit is not easily explained by this model. An alternative model is therefore proposed. It is well known that unicellular organisms and cultured cells transcribe specific metabolic genes in response to changes in the availability of different carbon sources. However, many of these genes cannot be expressed if glucose is also present. This phenomenon has been termed 'glucose repression' or 'catabolite repression' (Magasanik, 1961) . Recently, it has been shown that transcription of the fbp-1 gene in Schizosaccharomyces pombe, which codes for fructose-1,6-bisphosphatase, is one of the genes subject to glucose repression (Hoffman & Winston, 1991) . This may be significant, since fructose-1,6-bisphosphate synthesis is downregulated in cultured mouse embryos prior to the eight-cell stage (Barbehenn et al., 1974) . It is therefore possible that 'glucose repression' in vitro during the critical period when transcription of the embryonic genome is initiated (Flach et al. 1982; Bolton et al., 1984) leads to the inhibition of normal in vivo metabolic flux, and that this is why removal of glucose from the medium results in enhanced embryonic development. Glucose repression could also explain the successful rescue of in vitro arrested embryos by the injection of cytoplasm from non-blocking embryos (Muggleton-Harris et al., 1982) , as the transfer of particular enzymes, their mRNAs, or both, has been proposed as one of the potential rescue mechanisms (Muggleton-Harris & Brown, 1988) . Confirmation of this suggestion awaits further analysis at the biochemical and molecular level.
In summary, these results suggest that culture systems should reflect the dynamic changes occurring in vivo to achieve the development of viable embryos in vitro. Further work is necessary to determine which components, in what concentrations and at which stages, are required to produce viable embryos after culture.
